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Abstract Mesoporous silicas such as MCM-4I and 
SBA-15 possess high surface areas, ordered nanopores, 
and excellent thermal stability, and have been often used as 
catalyst supports. Although mesoporous metal oxides have 
lower surface areas compared to mesoporous silicas, they 
generally have more diversified functionalities. Mesopor¬ 
ous metal oxides can be synthesized via a soft-templating 
or hard-templating approach, and these materials have 
recently found some applications in environmental cata¬ 
lysis, such as CO oxidation, N 2 0 decomposition, and 
elimination of organic pollutants. In this review, we 
summarize the synthesis of mesoporous transition metal 
oxides using mesoporous silicas as hard templates, high¬ 
light the application of these materials in environmental 
catalysis, and furnish some prospects for future develop¬ 
ment. 

Keywords mesoporous materials, silica, metal oxide, 
hard-templating, environmental catalysis 


1 Introduction 

Since the discovery of mesoporous silicas (MCM-41 and 
SBA-15) in the 1990s [1,2], tremendous efforts have been 
devoted to their synthesis, characterization, and application 
[3-5], These materials are generally synthesized via a soft- 
templating approach, i.e., a silicon-containing precursor 
assembles and condenses around a specific surfactant (soft 
template) in solution, followed by the removal of the soft 
template by solvent extraction or calcination. These 


Received June 10, 2012; accepted October 21, 2012 
E-mail: zhenma@fudan.edu.cn, renyu3@gmail.com 


mesoporous silicas generally have high surface areas (on 
the order of 1000 m 2 g ‘), ordered nanopores, and 
excellent thermal stability, and therefore can be used as 
catalyst supports [6,7], However, mesoporous silicas 
themselves generally do not have sufficient functionalities, 
e.g., acid-base and/or redox properties, and they are 
generally amorphous. 

Although mesoporous transition metal oxides have 
lower surface areas (usually on the order of 100 m 2 -g ') 
compared to mesoporous silicas, they generally have more 
diversified functionalities. Especially, they may have 
interesting properties owing to their d-shell electrons 
confined to nanosized pore walls, internal surfaces with 
redox properties, and ordered pore networks [8,9], These 
unique properties make them suitable as key components 
of batteries, sensors, and catalysts [10,11]. However, it is 
demanding to synthesize mesoporous metal oxides via a 
soft-templating approach due to the high hydrolysis and 
condensation rates of metal-containing precursors as well 
as the structural transformation of metal oxides and 
collapse of mesostructures during calcination [12-15]. A 
hard-templating approach can circumvent such problems. 

In a hard-templating approach, a porous matrix (e.g., 
carbon or silica) is filled by a precursor solution followed 
by the transformation of the precursor in the porous 
channels to a desired composite material and the removal 
of the porous matrix by combustion or corrosion (Fig. 1) 
[16]. The hard-templating approach was initially used to 
make porous carbons using porous silicas as hard 
templates [17-19], and extended to the preparation of 
mesoporous metal oxides using mesoporous silicas or 
carbons as hard templates [11,16,20—26]. That way, 
mesoporous metal oxides with crystalline walls, ordered 
mesostructures, and good thermal stability can be 
prepared. 
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In the literature, the focus has been on the synthesis and 
characterization of mesoporous materials, whereas the 
application of these new materials has not been demon¬ 
strated sufficiently. In a recent review, we summarized 
different methods for the preparation of mesoporous metal 
oxides and reviewed their applications in energy conver¬ 
sion and storage, catalysis, sensing, adsorption, and 
desorption [11], The materials synthesis part of that review 
focused on methodologies and key concepts, whereas the 
application part covered comprehensively the applications 
of mesoporous metal oxides synthesized by either a soft- 
templating or a hard-templating approach, with little 
mention of the environmental catalysis by mesoporous 
metal oxides synthesized by a hard-templating approach. 

Mesoporous metal oxides have high surface areas, 
ordered mesostructures, and nanosized walls, and therefore 
they may be used to deign new catalysts [27], Recent years 
have witnessed the growing interest in the application of 
mesoporous metal oxides in catalysis. Herein, we 
summarize the hard-templating synthesis of mesoporous 
transition metal oxides, highlight recent examples on the 
application in environmental catalysis, and furnish our 
assessment of the field. Examples are picked from those 
synthesized using mesoporous silicas as hard templates, 
whereas those using carbon templates [28-31] fall out of 
the scope of this review. 


2 Hard-templating synthesis 

2.1 Typical examples 

The principle of hard-templating synthesis of mesoporous 
metal oxides was briefly introduced in Sect. 1, as 
represented by Fig. 1 [16], The interested readers are 
referred to our recent review for a further reading on the 
methodologies [11], Below we highlight some key 
examples in the literature. Laha and Ryoo synthesized 
crystalline mesoporous Ce0 2 first by incorporating aqu¬ 
eous CeCl 3 into SBA-15 or KIT-6 via incipient wetness 
impregnation [32], The dried cerium precursor/silica 
composite was exposed to ammonia vapor to obtain a 
cerium hydroxide/silica composite, and the composite 


was calcined at 300°C-700°C. The incorporation- 
neutralization-calcination process was repeated twice 
more, and the silica matrix was removed by aqueous 
NaOH. The hexagonal structure of SBA-15 and cubic 
structure of KIT-6 were preserved in the mesoporous Ce0 2 
(Fig. 2). The authors mentioned that crystalline mesopor¬ 
ous Sn0 2 and Zr0 2 could be synthesized that way. 

Zhu et al. prepared crystalline mesoporous Cr 2 0 3 using 
aminosilylated SBA-15 as a hard template and Cr 2 0) as a 
precursor [33], The role of the surface modification was to 
strengthen the interaction between the precursor and the 
silica surface. The Cr 2 0 2 introduced into the pore 
channels decomposed to Cr 2 0 3 upon calcination, and the 
SBA-15 was leached by aqueous HF. The obtained 
mesoporous Cr 2 0 3 was composed of hexagonally ordered 
nanorods linked by nanosized bridges. In another work, 
crystalline mesoporous Cr 2 0 3 was prepared using KIT-6 as 
a hard template [34], The KIT-6 was not aminosilylated; a 
“two solvents” impregnation method was used instead to 
facilitate the filling of the pores of KIT-6 by Cr(N0 3 ) 3 . 

Zhu et al. [35] and Jiao et al. [36] also attempted to 
replicate aminosilylated SBA-15 using H 3 PWi 2 C> 4 o and 
Fe(N0 3 ) 3 as precursors, only to obtain one-dimensional 
W0 3 and Fe 2 0 3 nanowires, respectively, because of the 
small micropore size of SBA-15 synthesized below 100°C 
[35,36], The micropores of SBA-15 seem to be important 
to ensure the connectivity of the synthesized metal oxide 
nanowires because the metal oxide filled in these 
micropores may serve as “bridges” for linking metal 
oxide nanowires, thus forming mesoporous structures. 
Hence, SBA-15 with bigger micropore sizes was synthe¬ 
sized at 130°C, and mesoporous W0 3 (hexagonally 
ordered nanorods linked by nanosized bridges) was 
prepared [37], 

Tian et al. synthesized mesoporous Cr 2 0 3 , Mn x O v , 
Fe 2 0 3 , Co 3 0 4 , NiO, ln 2 0 3 , and Ce0 2 composed of 
patterned nanowires using microwave-digested SBA-15 
as a hard template [38], In addition, mesoporous Co 3 0 4 
and ln 2 0 3 composed of patterned nanospheres were 
prepared using microwave-digested SBA-16 and FDU-1, 
respectively, as hard templates. This microwave digestion 
method can remove structure-directing agents while 
leaving more silanol groups on silica surfaces [39], The 



Fig. 1 Schematic illustration of the nanocasting pathway [16]. Reproduced with permission of Wiley-VCH 
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(a) (b) 


Fig. 2 TEM images of crystalline mesoporous CeC>2 prepared using KIT-6 (a) and SBA-15 (b) as hard templates [32], Reproduced with 
permission of the Royal Society of Chemistry 


authors additionally prepared mesoporous silica with 
gyroidal structures via a solvothermal postsynthesis 
strategy [40]. This mesoporous silica was then used to 
prepare mesoporous Co 3 0 4 , ln 2 0 3 , and other metal oxides 
via simple impregnation and thermolysis. In another work, 
the authors designed an one-step nanocasting method for 
the preparation of mesostructured ln 2 0 3 [41], 

Yue et al. synthesized mesoporous Co 3 0 4 using SBA-16 
and FDU-12 as hard templates [42], The impregnation was 
achieved by a solid-state grinding method in which 
Co(N 0 3 ) 2 -6H 2 0 with a lower melting point (55°C) 
compared to its decomposition temperature (77°C) was 
mixed with the hard template, ground for a few minutes, 
and heated slowly to 500°C. Because SBA-16 and FDU-12 
have spherical nanocages connected by some windows, 
mesoporous Co 3 0 4 materials prepared that way are made 
of nanospheres connected by nanobridges. 

Yue and Zhou further attempted to prepare other 
mesoporous metal oxides using SBA-16 and FDU-12 as 
hard templates [43,44], ln 2 0 3 and Mn 2 0 3 with body- 
centered cubic structures as well as NiO and Ce0 2 with 
face-centered cubic structures can replicate SBA-16 with a 
body-centered cubic structure and FUD-12 with a face- 
centered cubic structure. On the other hand, Cr 2 0 3 and 
Fe 2 0 3 with rhombohedral structures as well as Mn0 2 with 
a tetragonal structure cannot replicate SBA-16 and FUD- 
12, indicating that structural symmetry matters. 

Wang et al. prepared mesoporous Co 3 0 4 using vinyl- 


functionalized KIT-6 as a hard template [45], The surface 
anchored vinyl groups can entrap the Co(N0 3 ) 2 precursor 
inside the mesopores owning to a stronger interaction with 
Co 2+ than surface silanol groups. The authors also 
prepared mesoporous Co 3 0 4 using SBA-15 and KIT-6 
without any functionalization [46], The structure obtained 
using SBA-15 as a hard template can be tuned from 
randomly ordered, isolated Co 3 0 4 nanowires to fully 
interconnected mesoporous networks when the Co loading 
increases. The pore size of mesoporous Co 3 0 4 templated 
by KIT-6 can be tuned by changing the hydrothermal 
temperature of KIT-6, as described in more detail below. 

As we can see above, different kinds of mesoporous 
transition metal oxides have been synthesized via a hard- 
templating approach using mesoporous silicas as hard 
templates. Typical mesoporous silicas include SBA-15, 
KIT-6, SBA-16, FDU-1, and FDU-12. Products with 
different structures can be prepared by choosing different 
mesoporous silicas as hard templates, as affected by the 
detailed pore structures of mesoporous silicas. Additional 
examples include mesoporous Ce0 2 [47-51], Ru0 2 
[52,53], NiO [48,49,54-56], Fe 2 0 3 [49,57], ^-Mn0 2 
[58-62], Mn 2 0 3 [49,63,64], Cr 2 0 3 [48,49,56,65,66], 
Co 3 0 4 [48,56,62,65,67-71], W0 3 [72,73], and Ti0 2 
[74—76]. These examples not only demonstrate that the 
hard-templating synthesis of mesoporous metal oxides is 
feasible and versatile, but also provide a new avenue for 
subsequent fundamental and applied research. 
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2.2 Pore size engineering 

The examples in Sect. 2.1 have demonstrated the protocol 
for hard-templating synthesis. Next, it would be worth¬ 
while to tune the pore size of mesoporous metal oxides. 
Rumplecker et al. demonstrated that the pore size of 
mesoporous Co 3 0 4 can be tuned by changing the 
hydrothermal synthesis temperature of KIT-6 hard tem¬ 
plate [46], The basic idea is that the pore size increases and 
wall thickness of KIT-6 decreases when the hydrothermal 
synthesis temperature increases. As the pores of KIT-6 
become the walls of mesoporous Co 3 0 4 , and the walls of 
KIT-6 become the pores of mesoporous Co 3 0 4 , the pore 
size and wall thickness of mesoporous Co 3 0 4 can be tuned 
accordingly. Similarly, Ren et al. found that the pore size 
and wall thickness of mesoporous /i-Mn0 2 can be tuned by 
changing the hydrothermal synthesis temperature of KIT-6 
[77], This method was also applied to the synthesis of 
mesoporous ln 2 0 3 templatedby SBA-15 and KIT-6 [78] as 
well as the synthesis of mesoporous Co 3 0 4 templated by 
SBA-15 [79], KIT-6 [79,80], AMS-10 [79], and FUD-12 
[81]. 

Ren et al. proposed another idea to tailor the pore size 
and wall thickness of mesoporous Co 3 0 4 [82], The basic 
idea is that the pore size decreases (from 8.1 to 2.4 nm) and 
pore wall thickness of KIT-6 increases (from 1.9 to 5.4 nm) 
when the calcination temperature of KIT-6 increases from 
500°C to 1000°C. As the pores of KIT-6 become the walls 
of mesoporous Co 3 0 4 , and the walls of KIT-6 become the 
pores of mesoporous Co 3 0 4 , the pore size and wall 
thickness of mesoporous Co 3 0 4 change accordingly with 
the calcination temperature of KIT-6. 

2.3 Morphology and grain size control 

So far, we have summarized the protocol for the hard- 
templating synthesis of mesoporous metal oxides and two 
methods for the control of pore size. The next question is, 
can the morphology of mesoporous metal oxides be tuned? 


Wang et al. synthesized mesoporous Co 3 0 4 and Ce0 2 with 
different morphologies [83]. When mesoporous SBA-15 
rods were used as a hard template, rodlike mesoporous 
Co 3 0 4 and Ce0 2 were prepared. When mesoporous SBA- 
15 spheres were used, saucer-like mesoporous Co 3 0 4 
spheres and hollow mesoporous Ce0 2 spheres were 
obtained if the nanocasting process was done by one-step 
impregnation, and solid mesoporous Co 3 0 4 and Ce0 2 
spheres were obtained if the impregnation was conducted 
twice. 

It may be inferred from Fig. 1 [16] that the pore channels 
of the hard template are completely filled by a metal oxide, 
thus resulting in a faithful replication. However, that may 
not be the case. In the work by Dickinson et al. [65], it was 
already clear from their TEM images that the Cr 2 0 3 
crystals do not occupy the matrix of SBA-15 or KIT-6 
fully. Instead, they exist in the form of separated particles 
in the silica matrix, leaving some mesoporous silica 
channels unoccupied. This finding implies that the particle 
size of the nanocasted metal oxide may vary depending on 
the loading of the metal oxide precursor. Figure 3 shows 
what happens in actual circumstances: the mesoporous 
Si0 2 matrix is often not completely filled by the metal 
oxide precursor, leading to the formation of mesoporous 
metal oxide particles with varied sizes, depending on the 
loading [84], We found that this is the case with Co 3 0 4 - 
KIT-6 composites [85], 

2.4 Solid-solid transformation 

A mesoporous metal oxide may be transformed into 
another mesoporous metal oxide under certain conditions. 
This is called solid-solid transformation. Before high¬ 
lighting directly relevant examples, we shall mention that 
the crystal structure of mesoporous metal oxides may be 
tuned by changing the calcination temperature. For 
instance, Jiao and Bruce synthesized mesoporous p- 
Mn0 2 using Mn(N0 3 ) 2 as the precursor and KIT-6 as a 
hard template [60], The calcination temperature for the 



replica particles (ln 2 0 3 ) 


Fig. 3 Schematic drawing of the growth of In 2 C>3 particles in the pores of mesoporous KIT-6 [84], After the first cycle of impregnation 
with InfNCEh and subsequent conversion into fi^Ch, spherical “islands” are formed inside the silica pore network; additional cycles lead 
predominantly to the growth of existing ln 2 0 3 particles rather than to nucleation of new ones 
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decomposition of Mn(N0 3 ) 2 and the formation of /?-Mn0 2 
was 400°C. Mesoporous Mn 2 03 was formed instead when 
the calcination temperature was 600°C [63]. These results 
imply that mesoporous ft- Mn0 2 can potentially transform 
to mesoporous Mn 2 0 3 by simply raising the calcination 
temperature to 600°C. Interestingly, Ren et al. found that 
mesoporous NiMn 2 O x prepared by using KIT-6 as a hard 
template has a hematite (hexagonal) structure when 
calcined at 600°C, whereas it has a spinel (cubic) structure 
when calcined at 800°C [86]. The calcination temperature 
was also found to determine the phase purity of 
mesoporous NiCoMn0 4 [87], 

New mesoporous metal oxides that cannot be easily 
obtained by direct hard templating may be obtained by 
reducing or oxidizing other mesoporous metal oxides. For 
instance, mesoporous Mn 3 0 4 was synthesized by reducing 
mesoporous Mn 2 0 3 under an H 2 /Ar (5% H 2 ) mixture at 
280°C [63], The obtained mesoporous Mn 3 0 4 can react 
with LiOH to form mesoporous LiMn 2 0 4 spinel [88], In 
another work, mesoporous a-Fe 2 0 3 can be reduced to form 
mesoporous Fe 3 0 4 spinel, and the mesoporous Fe 3 0 4 can 
be further oxidized to mesoporous y-Fe 2 0 3 [89], Mesopor¬ 
ous Co 3 0 4 , /?-Mn0 2 , and CuO can be reduced to 
mesoporous CoO, Mn 3 0 4 , and Cu-Cu 2 0 via reduction in 
H 2 -Ar [90], Interestingly, mesoporous Co 3 0 4 can also be 
transformed into mesoporous CoO via reduction with 
glycerol at 320°C [91,92], whereas a mesoporous Cu/ 
Cu 2 0 composite can be transformed to porous Cu 2 0 
nanowires in ethanol [93], The solid-solid conversion is 
versatile, not only useful for the creation of new 
mesoporous metal oxides [94], but also effective for the 
conversion of mesoporous metal oxides to mesoporous 
metal nitrides [95]. 

Sometimes the reduction was carried out in the presence 
of mesoporous silica, in order to enhance the structural 
stability. For instance, Shi et al. prepared mesoporous 
Mo0 2 by heating an H 3 PMo 12 O 40 -KIT-6 composite at 
500°C in 10% H 2 (balance Ar), followed by the removal of 
the KIT-6 template [96], Similarly, Kang et al. prepared 
mesoporous W0 3 , v by calcining an H 3 PWi 2 O 40 -KIT-6 
composite at 550°C in air, reducing the resulting W0 3 / 
KIT-6 in 4% H 2 (balance N 2 ) at 600°C, followed by 
removing the KIT-6 template [97], However, we found that 
it is difficult to prepare ordered mesoporous metal oxides 
with low valence in reducing atmosphere in the presence of 
a silica template, probably due to the poor diffusion of H 2 
in the dense composite [90], 

2.5 Composition adjustment 

Most of the relevant publications have dealt with the 
synthesis of mesoporous single metal oxides, whereas the 
synthesis of binary or tertiary oxides has been reported less 
frequently. Yen et al. synthesized mesoporous NiFe 2 0 4 , 
CuFe 2 0 4 , and Cu/Ce0 2 using mixed metal nitrates as 
precursors and KIT-6, MCM-48, and SBA-15 as hard 


templates [98]. Nonpolar organic solvents (n-hexane, 
cyclohexane, n-heptane) were used to pre-wet the silica 
surface, enhance the hydrophilic property of silica surface, 
and enhance the interaction between the silica walls and 
the metal nitrates. Other complex oxides reported include 
mesoporous LaCo0 3 [99-101], LaMn0 3 [101], LaFe0 3 
[101], CuCo 2 0 4 [102], MnCo 2 0 4 [102], NiCo 2 0 4 
[102-104], Co 3 0 4 -Ce0 2 [105], NiO/NiCo 2 0 4 /Co 3 0 4 
composites [106], CoFe 2 0 4 [107], Co 3 0 4 /CoFe 2 0 4 
composites [94], Ce x Zr, x 0 2 [49], NiFe 2 0 4 [49,108], 
Li x (Mn 1/3 Ni 1/3 Coi /3 )0 2 [87,109], NiMn 2 O x [86], and 
NiCoMn0 4 [87]. It is hoped that more functionalities 
may be added into these systems when the compositions of 
these materials are more diversified. 


3 Application in environmental catalysis 

Heterogeneous catalysis plays a key role in producing fine 
chemicals, processing fuels, and removing environmental 
pollutants. In particular, the elimination of environmental 
pollutants has become more and more important as the 
public awareness grows. Environmental catalysis is 
generally more efficient, effective, and economic than 
catalyst-free combustion. However, due to severe condi¬ 
tions (e.g., high temperature, low concentration and fast 
flow speed of pollutants, frequent changing of reaction 
conditions, the presence of sulfur-containing and other 
catalyst poisons) encountered, it is desirable to develop 
advanced-performance catalysts. Most of the environmen¬ 
tal catalysts include supported noble metals, metal oxides, 
and zeolite-supported catalysts. Supported noble metals 
usually have high activities in many reactions, but they are 
expensive and may suffer from sintering of metal 
nanoparticles. On the other hand, metal oxides are cheaper, 
but the activities in many reactions still need to be 
improved. Attempts have been made to add promoters into 
metal oxide catalysts and to prepare supported metal 
oxides. In recent years, more and more papers dealing with 
the environmental catalysis by mesoporous metal oxides 
have been published. These materials have ordered pores 
and crystalline walls, which may be advantageous for 
environmental catalysis. Below, we summarize these 
progresses according to the types of reactions. 

3.1 CO oxidation 

CO is a key component of car emission and a poisonous in¬ 
door air pollutant. It is therefore important to develop 
active catalysts for CO oxidation. Supported gold 
nanocatalysts are known for low-temperature CO oxida¬ 
tion [110], but they are of high cost and the sintering of 
gold nanoparticles has been a problem [111,112], Transi¬ 
tion metal oxides are also considered as CO oxidation 
catalysts. The application of mesoporous transition metal 
oxides in CO oxidation has been surveyed more recently. 
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Shen et al. prepared mesoporous Ce0 2 using KIT-6 as a 
hard template, and loaded various amount of CuO (10%, 
20%, 30%) [47], Mesoporous Ce0 2 is more active than 
Ce0 2 prepared by the decomposition of Ce(N0 3 ) 3 at 
550°C, and CuO/mesoporous Ce0 2 catalysts are even 
more active. The highest activity is achieved on CuO/ 
mesoporous Ce0 2 with a CuO loading of 20% (Fig. 4) 
[47]. 



Temperature/K 



Fig. 4 CO conversions and T 50 over different catalysts [47] a. 
mesoporous Ce0 2 ; b. 10%CuO/mesoporous Ce0 2 ; c. 20%CuO/ 
mesoporous Ce0 2 ; d. 30%CuO/mesoporous Ce0 2 ; e. Ce0 2 -D 
prepared by calcining Ce(N0 3 ) 3 at 550°C. 

Considering that the loading of CuO on mesoporous 
Ce0 2 and the surface area of the resulting catalysts are low 
due to the incorporation of the CuO by wetness 
impregnation, Zhu et al. prepared mesoporous CuO- 
Ce0 2 with different CuO contents (5 mol%-50 mol%) in 
the crystalline framework by using KIT-6 as a hard 
template [113]. In this case, a mixture of Cu(N0 3 ) 2 
and Ce(N0 3 ) 3 was used as the precursor to the mixed 
oxide. The mesoporous CuO-Ce0 2 with 20 mol% CuO 
shows the highest activity in CO oxidation. 

Zhu et al. prepared mesoporous CuCo 2 0 4 , MnCo 2 0 4 , 
and NiCo 2 0 4 spinels using SBA-15 as a hard template, and 


tested the performance in CO oxidation [102], These 
materials exhibit higher activities than their bulk counter¬ 
parts prepared by the thermal decomposition of mixed 
metal nitrate precursors at 380°C. In particular, mesopor¬ 
ous CuCo 2 0 4 and MnCo 2 0 4 exhibit high activities and 
good stability in CO oxidation, whereas mesoporous 
NiCo 2 0 4 is the least active and shows continuous 
deactivation on stream. This work is interesting because 
it shows the influence of different mesoporous mixed 
oxides on catalytic activity. 

Mesoporous Ce0 2 , Co 3 0 4 , Cr 2 0 3 , CuO, a-Fe 2 0 3 , /?- 
Mn0 2 , Mn 2 0 3 , Mn 3 0 4 , and NiO were prepared by us 
using KIT-6 as a hard template, and tested in CO oxidation 
[114], These mesoporous metal oxides, except for 
mesoporous Fe 2 0 3 , exhibit much higher CO conversions 
than their commercial counterparts (Fig. 5). In particular, 
mesoporous Co 3 0 4 , /?-Mn0 2 , and NiO show some CO 
conversions below 0°C. The catalytic activity of mesopor¬ 
ous Co 3 0 4 was found to depend critically on its 
pretreatment temperature, but the reason was not eluci¬ 
dated. 

In another study, Wang et al. prepared mesoporous 
Co 3 0 4 samples by using KIT-6 as a hard template, and 
tested them in CO oxidation [115]. The calcination 
temperatures of these samples are varied (450°C, 500°C, 
600°C, 700°C, and 800°C). The catalyst calcined at 450°C 
shows the highest activity, reaching 50% CO conversion at 
-72°C, but the calcination at 800°C decreases the ordering 
of the mesostructure and the surface area, thus leading to 
lower catalytic activity. 

Tuysiiz et al. demonstrated that mesoporous Co 3 O 4 -40 
prepared using KIT-6 hydrothermally aged at 40°C has 
uncoupled sub-frameworks whereas Co 3 0 4 -100 and 
Co 3 0 4 -135 have a coupled framework [116,117], The 
activities of these catalysts in CO oxidation follow the 
sequence of Co 3 O 4 -40 > Co 3 0 4 -100 > Co 3 0 4 -135 [117], 
The authors explained that the highest surface area (153 
m 2 -g ') and the most open pore system of Co 3 O 4 -40 are 
beneficial for achieving the highest activity. 

Sun et al. tuned the hydrothermal synthesis temperature 
of KIT-6 samples (40°C and 130°C) and the calcination 
temperature of the Co(N0 3 ) 2 -KIT-6 precursor, and tested 
the performance in CO oxidation [69]. Co 3 0 4 -300-KIT-6- 
40 (i.e., mesoporous Co 3 0 4 prepared by using KIT-6 
hydrothermally treated at 40°C as a hard template and by 
calcining the Co(N0 3 ) 2 -KIT-6 precursor at 300°C) shows 
higher activity than Co 3 0 4 -300-KIT-6-130, indicating the 
advantages of the uncoupled frameworks with higher 
specific surface area and more open pore system associated 
with Co 3 0 4 -300-KIT-6-40. 

To summarize, among mesoporous metal oxides, 
mesoporous Co 3 0 4 is the most intensively studied catalyst 
for CO oxidation, and it can show high CO conversions 
even below room temperature. In fact, CO oxidation on 
various forms of Co 3 0 4 catalysts has attracted much 
attention recently [118,119], 
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Fig. 5 CO conversions on metal oxide catalysts: (a) and (b) 
catalysts [114] 


3.2 N 2 0 decomposition 

N 2 0 coming from natural and anthropogenic sources 
(adipic acid production, nitric acid production, fossil fuels, 
biomass burning) is a potent greenhouse gas and involved 
in the depletion of the ozone layer. Intensive studies have 
been carried out to reduce its emission or to decompose it 
into N 2 and 0 2 [120,121], We tested the performance of 
mesoporous metal oxides in N 2 0 decomposition. Meso¬ 
porous C 03 O 4 , y5-Mn0 2 , and NiO again show higher 
conversions than their commercial counterparts, and other 
mesoporous metal oxides are generally not so active (Fig. 
6 ). Since mesoporous Co 3 0 4 was identified as a lead in 
N 2 0 decomposition, attempts were made by us to 
investigate the influence of preparation parameters on 
catalytic performance. To begin with, KIT -6 samples with 
different pore sizes and wall thicknesses were synthesized 
at different hydrothermal temperatures (45 °C, 60°C, 80°C, 
100°C, 120°C), and were used as hard templates to prepare 
mesoporous Co 3 0 4 catalysts. The activity follows the 
sequence of Co 3 0 4 -A-45 < Co 3 O 4 -A-60 < Co 3 0 4 -A- 
80 > C 03 O 4 -A-IOO ~ C 03 O 4 -A-I 2 O, i.e., mesoporous 




Temperature/C 

(d) 

(denoted as m-) catalysts; (c) and (d) bulk (denoted as b-) 


C 03 O 4 prepared by using KIT -6 hydrothermally synthe¬ 
sized at 80°C shows the highest activity in N 2 0 
decomposition. In another work, we synthesized mesopor¬ 
ous NiCoMn0 4 using a mixture of Ni(N0 3 ) 2 , Co(N0 3 ) 2 , 
and Mn(N0 3 ) 2 as a precursor and KIT -6 as a hard template 
[87], The resulting material was more active than 
mesoporous LiMn 2 0 4 and CuMn 2 0 4 in N 2 0 decomposi¬ 
tion, but less active than mesoporous Co 3 0 4 . 

It can be seen that, among mesoporous metal oxides, 
mesoporous Co 3 0 4 is the most active for N 2 0 decom¬ 
position. Further experiments can be done to modify and 
promote the catalyst, e.g., by loading active metals or by 
adding another metal oxide. 

3.3 Elimination of organic pollutants 

There are a variety of organic pollutants in the atmosphere 
and in-door air, and catalysis provides an energy-efficient 
means to remove them. Normally supported noble metal 
catalysts can be used for this purpose, but mesoporous 
transition metal oxides are also investigated. Wang et al. 
synthesized mesoporous NiO, Ce0 2 , Cr 2 0 3 , Fe 2 0 3 , 
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Fig. 6 Bar diagram comparing the conversions of N2O on different commercial (0) or mesoporous (m -)metal oxides at 350°C. Reaction 
conditions: 0.5% N 2 0 (balance He), 60 cm 3 -min 0.5 g catalyst 


Mn 2 0 3 , NiFe 2 0 4 , and Ce^Zr, x 0 2 by using mesoporous 
cubic {laid) vinyl-functionalized silica as a hard template, 
and demonstrated that mesoporous Cr 2 0 3 (surface area 
113 m 2 -g ') exhibits higher activity than commercial 
Cr 2 0 3 (10 m 2 -g ') in toluene combustion [49], Another 
reason for the higher activity was ascribed to the presence 
of high valent Cr 5-1- and Cr 6+ species. Wang et al. 
additionally prepared mesoporous Cr 2 0 3 using KIT-6 as 
a hard template, and studied the effect of crystallization 
temperature on catalytic activity [66]. The mesoporous 
Cr 2 0 3 calcined at 400°C shows higher activity than those 
calcined at 500°C-700°C due to its higher surface area and 
the presence of more Cr 5+ and Cr 6+ species. Wang et al. 
synthesized mesoporous LaCo0 3 perovskite using a mixed 
citrate solution of lanthanum nitrate and cobalt nitrate as 
the precursor and mesoporous cubic {laid) vinyl silica as a 
hard template [99,100], The mesoporous LaCo0 3 shows 
higher activity than conventional LaCo0 3 in methane 


combustion, due to the high surface area (92 m 2 • g '), the 
presence of Co 4+ species, and high content of 0 2 /O 
species. 

Deng et al. prepared mesoporous Mn0 2 and Co 3 0 4 
(assisted by ultrasound) with large surface areas (266 and 
313 rrT-g ', respectively) using SB A-16 as a hard template 
[122], These materials showed better performance than 
their bulk counterparts in complete oxidation of toluene, 
due to higher surface areas and better low-temperature 
reducibility, i.e., the onset reduction temperatures of 
mesoporous Mn0 2 and Co 3 0 4 are much lower than 
those of their bulk counterparts. The authors also 
demonstrated the application of mesoporous Cr 2 0 3 in the 
combustion of toluene, ethyl acetate, formaldehyde, 
acetone, and methanol [123,124], that of mesoporous a- 
Fe 2 0 3 in the oxidation of acetone and methanol [125], and 
that of Co 3 0 4 in the oxidation of toluene and methanol 
[124], 
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Ma et al. fabricated mesoporous C 03 O 4 using KIT -6 as a 
hard template, and tested the performance in complete 
oxidation of ethylene [126], The catalytic activity of 
mesoporous Co 3 0 4 is much higher than that of Co 3 0 4 
nanosheets prepared by a precipitation method, exhibiting 
a 30% conversion at 0°C. A 2.5%Au-mesoporous Co 3 0 4 
composite catalyst can achieve a 76% conversion. The 
(110) planes of the mesoporous Co 3 0 4 were proposed as 
the main active planes for ethylene oxidation, and the 
beneficial role of gold was proposed to create more active 
oxygen species on catalyst surface. Similarly, the authors 
synthesized mesoporous Co 3 0 4 and Au-mesoporous 
C 03 O 4 using SBA-15 as a hard template, and demonstrated 
their catalytic application in formaldehyde oxidation at 
25°C [127], In another study, a mesoporous Co 3 0 4 -Ce0 2 
catalyst templated by KIT -6 shows higher activity in 
benzene oxidation than the one templated by SBA-15 
[105], 

Aranda et al. synthesized three mesoporous Ce0 2 
samples using KIT- 6 , SBA-15, and MCM-48 as hard 
templates [128]. The activities of these catalysts (denoted 
as Ce-KIT 6 , Ce-SBA15, Ce-MCM48) with different 
surface areas (190, 119 and 84 m 2 -g ', respectively) in 
total oxidation of naphthalene follow the sequence of Ce- 
KIT 6 »> Ce-MCM48 > Ce-SBA15 at relatively low 
temperatures (175°C-200°C) and low conversion levels, 
whereas the sequence changes to Ce-KIT 6 « Ce- 
MCM48 > Ce-SBA15 at relatively high reaction tempera¬ 
tures (225°C-250°C) and high conversion levels. 

Puertolas et al. prepared mesoporous Ce0 2 samples 
using KIT -6 hydrothermally synthesized at different 
temperatures (40°C, 60°C, 80°C, and 100°C) as hard 
templates [50]. The activities of these catalysts in total 
oxidation of naphthalene follow the sequence of Ce-KIT 6 - 
80 > Ce-KIT 6 -100 » Ce-KIT6-60 » Ce-KIT6-40 (Fig. 
7), i.e., the mesoporous Ce0 2 prepared by using KIT -6 
hydrothermally synthesized at 80°C shows the highest 
activity, probably due to the smallest crystallite size (5.6 
nm), the highest surface area (163 m 2 -g '), the small 
amount of residual Si0 2 in the sample (Ce/Si = 20.2), and 
suitable redox properties. On the other hand, the 
mesoporous Ce0 2 prepared by using KIT -6 hydrother¬ 
mally synthesized at 40°C shows the lowest activity, 
ascribed to the large amount of residual Si0 2 in the sample 
(Ce/Si = 1.98), the lowest surface area (102 m 2 -g '), and 
the relatively big crystalline size (6.4 nm). 

Garcia et al. synthesized mesoporous Co 3 0 4 by 
changing the hydrothermal synthesis temperature and 
calcination temperature of KIT -6 templates, and tested 
the performance in total oxidation of propane and toluene 
[70], In one set of experiments, the hydrothermal synthesis 
temperature of KIT -6 was varied (40°C, 70°C, and 100°C), 
whereas the calcination temperature was fixed (550°C). 
The catalytic conversions in both reactions follow the 
sequence of C100-550 > C40-550 ~ C70-550 > Co 3 0 4 
prepared by calcining Co(N0 3 ) 3 at 500°C (Fig. 8 ) [70], In 


another set of experiments, the hydrothermal synthesis 
temperature of KIT -6 was fixed (100°C), whereas the 
calcination temperature was varied (550°C, 700°C, 800°C, 
and 900°C). The catalytic conversion in propane oxidation 
follows the sequence of 000-550 > C100-700 ~ C100- 
800 ~ C100-900 (Fig. 9) [70], The highest activity of 
C100-550 was correlated to its partially ordered mesos- 
tructure and a high surface Co 2 + /Co 3+ ratio (indicative of 
oxygen defects). 



Fig. 7 Variation of the catalytic activity for naphthalene oxida¬ 
tion (expressed as yield to C0 2 ) on nanocast Ce0 2 catalysts, as a 
function of reaction temperature [50] 


4 Concluding remarks 

Since the pioneering finding of mesoporous silicas (e.g., 
MCM-41, SBA-15) in the 1990s, much attention has been 
paid to their synthesis, characterization, and application. 
Considering the intrinsic properties associated with 
transition metal oxides, it is desirable to develop methods 
that can synthesize mesoporous transition metal oxides. 
The synthesis of mesoporous metal oxides by a soft- 
templating approach is difficult due to the fast hydrolysis 
and condensation of metal precursors, and the formed 
mesostructures can easily collapse upon calcination. The 
synthesis of mesoporous metal oxides by a hard-templating 
approach provides a new avenue for the development of 
new materials with desirable functionalities, e.g., high 
surface areas, ordered pores, crystalline walls, and redox 
properties. Many metal oxides have been synthesized that 
way. In addition, mesoporous mixed metal oxides may be 
prepared by adding mixed metal salts into a hard template. 
These mesoporous metal oxides may be useful as catalysts 
and they usually exhibit higher activities than their bulk 
counterparts with lower surface areas. Alternatively, they 
may be used as supports for loading metal nanoparticles 
[51,129-133], metal oxides [47], etc. 

Although great progress has been made in the hard- 
templating synthesis of mesoporous metal oxides, still 
much can be done in the future. In terms of synthesis, most 
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Fig. 8 Variation of the propane conversion (a) and toluene conversion (b) with the reaction temperature for Co 3 0 4 samples prepared by a 
nanocasting route [70] Influence of the aging temperature during the synthesis of the silica template (40°C, 70°C, and 100°C). For 
comparison, the results of a C03O4 prepared by simple evaporation of Co-nitrate and calcined at 500°C has been included. Symbols: 
reference catalyst (V), C40-550 (O), C70-550 (•), and C100-550 (•) 




Fig. 9 Variation of the propane conversion with the reaction temperature for C03O4 samples prepared by a nanocasting route (a) 
Influence of the calcination temperature of the silica template on the catalytic activity and on the specific catalytic activity at 200°C (b) 
Symbols: C100-550 (•), C100-700 (■), C100-800 (A), and C100-900 (O) [70] 


of the research so far has focused on the hard-templating 
synthesis of simple metal oxides, whereas there is still 
much room for controlling the pore size, pore structure, 
and composition of these materials. These tasks are 
demanding and therefore need some careful thinking. For 
instance, the synthesis of mesoporous mixed oxides needs 
to consider the phase transformation and phase separation 
of the products [86,87], The use of mesoporous metal 
oxides to design more advanced structured catalysts or 
catalysts with additional functionalities can be explored 
further [134-136], 

In terms of catalysis, although it is tempting to 
demonstrate their applications in more catalytic reactions 
[61,64,137-143], it is more worthwhile to indulge into 
more details, i.e., the influence of pore structures 


[105,128], chemical compositions [102], and pretreatment 
conditions [53,114] on catalytic performance. For instance, 
the application of mesoporous mixed oxides in catalysis 
has not been demonstrated sufficiently [86,87,102], 
Potential structural changes of the mesoporous catalysts 
during operation under hash conditions (e.g., high 
temperature, moisture, reducing conditions) may also be 
investigated. This information is vital for the practical 
application of mesoporous metal oxides in environmental 
catalysis. 
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